Haloferax mediterranei is able to accumulate the bioplastic poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with more than 10 mol% 3-hydroxyvalerate (3HV) from unrelated carbon sources. However, the pathways that produce propionyl coenzyme A (propionyl-CoA), an important precursor of 3HV monomer, have not yet been determined. Bioinformatic analysis of H. mediterranei genome indicated that this strain uses multiple pathways for propionyl-CoA biosynthesis, including the citramalate/2-oxobutyrate pathway, the aspartate/2-oxobutyrate pathway, the methylmalonyl-CoA pathway, and a novel 3-hydroxypropionate pathway. Cofeeding of pathway intermediates and inactivating pathway-specific genes supported that these four pathways were indeed involved in the biosynthesis of 3HV monomer. The novel 3-hydroxypropionate pathway that couples CO 2 assimilation with PHBV biosynthesis was further confirmed by analysis of 13 C positional enrichment in 3HV. Notably, 13 C metabolic flux analysis showed that the citramalate/2-oxobutyrate pathway (53.0% flux) and the 3-hydroxypropionate pathway (30.6% flux) were the two main generators of propionyl-CoA from glucose. In addition, genetic perturbation on the transcriptome of the ⌬phaEC mutant (deficient in PHBV accumulation) revealed that a considerable number of genes in the four propionyl-CoA synthetic pathways were significantly downregulated. We determined for the first time four propionyl-CoA-supplying pathways for PHBV production in haloarchaea, particularly including a new 3-hydroxypropionate pathway. These results would provide novel strategies for the production of PHBV with controllable 3HV molar fraction. P olyhydroxyalkanoates (PHAs) are deposited as carbon and energy materials by many bacteria and haloarchaea under unbalanced growth conditions (1, 2). Due to their excellent biodegradability, biocompatibility, and mechanical properties, PHAs have received increased attention as excellent alternatives for petroleum-derived plastics (3). The physical and mechanical properties of PHAs are closely correlated to monomer composition. Among the various types of PHAs, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly-3-hydroxybutyrate (PHB) are the two most extensively studied ones. Due to the incorporation of 3-hydroxyvalerate (3HV) monomer, PHBV becomes more ductile and easier to process and thus possesses a wider range of industrial applications than PHB (4).
P
olyhydroxyalkanoates (PHAs) are deposited as carbon and energy materials by many bacteria and haloarchaea under unbalanced growth conditions (1, 2) . Due to their excellent biodegradability, biocompatibility, and mechanical properties, PHAs have received increased attention as excellent alternatives for petroleum-derived plastics (3) . The physical and mechanical properties of PHAs are closely correlated to monomer composition. Among the various types of PHAs, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly-3-hydroxybutyrate (PHB) are the two most extensively studied ones. Due to the incorporation of 3-hydroxyvalerate (3HV) monomer, PHBV becomes more ductile and easier to process and thus possesses a wider range of industrial applications than PHB (4) .
PHBV is usually produced from acetyl coenzyme A (acetylCoA) and propionyl coenzyme A (propionyl-CoA) via a threestep process catalyzed by ␤-ketothiolase (PhaA/BktB), ␤-ketoacyl-CoA reductase (PhaB), and PHA synthase sequentially (5) . Thus far, few bacteria, including Nocardia corallina (6) , Rhodococcus spp. (7), a mutant of Ralstonia eutropha (8) , several purple nonsulfur bacteria (9) , and Bacillus circulans (10) were found to be able to produce propionyl-CoA for PHBV biosynthesis from single unrelated carbon sources. Most bacteria require the addition of propionate in the media to produce PHBV (11) . Since propionate is costly, this cost represents a major hurdle for the largescale production of PHBV in bacteria (12) . Interestingly, halophilic archaea typically accumulate PHBV from unrelated carbon sources (e.g., starch and glucose) (1) . However, the metabolic pathways for generating propionyl-CoA, an important precursor of 3HV monomer, in haloarchaea have not been determined yet.
To our knowledge, only the methylmalonyl-CoA pathway has been revealed to provide the majority of propionyl-CoA for 3HV unit formation in N. corallina (6) . Besides, the metabolic pathways of some amino acids (e.g., threonine, methionine, isoleucine, and valine) were speculated to operate by a R. eutropha mutant strain and N. corallina to generate propionyl-CoA for PHBV synthesis (6, 8) . Whether there are alternative pathways that generate propionyl-CoA for 3HV supply during PHBV synthesis remains to be elucidated in haloarchaea.
Haloferax mediterranei, an extremely halophilic archaeon, is capable of utilizing rice bran, whey or starch to accumulate PHBV with more than 10 mol% 3HV (13) (14) (15) (16) . Due to the genetic stability (17) , fast growth (18) , remarkable metabolic efficiency (19) , efficient utilization of cheap raw materials, low sterility demands, and easy PHBV purification process (14) , H. mediterranei has attracted much attention as a promising archaeal cell factory for the low-cost production of this desired bioplastic (13, 15) . Except ␤-ketothiolase, the other two enzymes directly involved in PHBV biosynthesis, including the PHA synthase (PhaE/PhaC) (14, 20) and PhaBs (21) , have been experimentally identified in H. mediterranei. Recently, the major structural protein (PhaP) of PHA granules has also been characterized in this strain (22) . However, the pathways capable of producing large amounts of 3HV-CoA from unrelated cheap carbon sources remained to be elucidated. The recent availability of a highly efficient genetic manipulation system (23) and the whole-genome sequence of H. mediterranei (24) would facilitate to elucidate its inherent supplying pathways of propionyl-CoA, the key precursor of 3HV-CoA.
In this study, we clearly determined four propionyl-CoA generation pathways for PHBV synthesis in H. mediterranei by using multifaceted experimental approaches. Notably, through cofeeding of pathway intermediates with glucose, knockout of key genes, 13 C labeling, and nuclear magnetic resonance (NMR) spectroscopy, metabolic flux analysis, and DNA microarray analysis, we demonstrate that CO 2 can be assimilated into the 3HV monomer of PHBV via the 3-hydroxypropionate pathway, which is one of the two main generators of propionyl-CoA in H. mediterranei. Our findings would provide novel strategies for commercial production of the bioplastic PHBV with controllable 3HV molar fraction.
MATERIALS AND METHODS
Strains and culture conditions. The strains used in the present study are listed in Table 1 . To test the involvement of some pathway intermediates in 3HV-CoA supply in H. mediterranei, a two-stage cultivation strategy was designed to separate the growth and PHBV production phases. First, 100 ml of seed culture in AS-168L medium (22) was harvested, washed, and transferred to a 7-liter fermentor (Biotech-7BG-3, China) that contained 3 liters of MG-1 medium (150 g of NaCl, 20 g of MgSO 4 ·7H 2 O, 2 g of KCl, 2 g of NH 4 Cl, 375 mg of KH 2 The culture conditions were set at 37°C and pH 7.0, and the dissolved oxygen (DO) content was set above 20% saturation. The cells were cultured for 24 h to mid-exponential growth phase. Subsequently, cells collected from 50 ml of the first-stage culture was inoculated into 50 ml of MG-2 medium (which is similar to MG-1 medium but contains 37.5 mg of KH 2 PO 4 /liter and no yeast extract) and continuously cultivated for 72 h at 37°C to increase PHBV accumulation. During this second stage, 2 g of amino acids (Ile, Thr, or Met) or succinate/liter or 1.8 g of 3-hydroxypropionate/liter was used as a cofeeder, and MG-2 medium was used as the control. For the 13 C-labeling experiment, 2 g of NaH 12 CO 3 or NaH 13 CO 3 (99%, Cambridge Isotope Laboratories)/liter was supplied during the second stage.
In the experiment of evaluating the effect of pathway-specific gene knockouts on 3HV-CoA supply, the culture conditions of H. mediterranei strains were the same as described by Cai et al. (22) . Escherichia coli JM109 was cultivated in Luria-Bertani medium at 37°C (25) . When needed, 100 g of ampicillin/ml was added into the media.
Mutant construction and verification. Gene knockout/disruption was performed as previously described (14, 26) . The plasmids and primers that were used for mutant construction and verification in the present study are listed in Table 1 and Table S1 in the supplemental material, respectively. Briefly, to construct the mutants, one or two fragments that were located internally or immediately upstream and downstream of the target gene were cloned using the corresponding primer pairs. After sequencing, the fragments were inserted into pHFX (23) and used to disrupt or delete the target gene through homologous recombination. The mutant strains were then confirmed by PCR or reverse transcription-PCR (RT-PCR). RT-PCR was performed as described previously (14, 26) , except that the primers for the RT reaction were random hexamer primers (Thermo Scientific), and the specific primers used for the PCR are listed in Table S1 in the supplemental material.
PHBV isolation and analyses. PHBV was isolated, and gas chromatography (GC) analysis of the PHBV samples was performed as described previously (20, 26) . For stable carbon isotope ratio measurements, the isolated PHBV was first methanolyzed, and the chloroform phase was dried by flushing with nitrogen and then dissolved using ethyl acetate. The analysis was carried out using gas chromatography/isotope ratio mass spectrometry (GC/IRMS) of trace GC, which was connected to a Delta V Advantage isotope ratio mass spectrometer via the GC IsoLink interface (Thermo Fisher Scientific, Bremen, Germany). The GC is equipped with an HP-INNOWax column (30 m by 0.25 mm [inner diameter] by 0.5-m film thickness; Agilent Company, USA), and the following conditions were used: splitless injection (injector temperature, 250°C); temperature program (70°C for 3 min, raised from 70 to 130°C at 3.5°C/min, maintained at 130°C for 6 min, raised from 130 to 200°C at 15°C/min, and then For 13 C NMR analysis, purified PHBV was dissolved in deuterated chloroform (99.8%; Cambridge Isotope Laboratories) and recorded using an Agilent DD2 500-MHz NMR spectrometer at 25°C. The conditions were as follows: 45°pulse, 0.3-s acquisition time, 32,051-Hz sweep width, 6,000 scans, and a 10-s relaxation delay between each scan. The data were processed using MestRec software.
13 C metabolic flux analysis. H. mediterranei was cultured, harvested, and then washed with sterile NaCl solution to remove any medium residue. Less than 3% of the final collected culture was transferred into modified MG medium (14) that contained 150 g of NaCl/liter, 10 g of [U- 13 C]glucose (99%, Cambridge Isotope Laboratories)/liter, and 5 g of NH 4 Cl/liter. Batch cultivation was performed until the mid-exponential growth phase in a 200-ml, computer-controlled fermentor (Guoqiang Corporation, China) with a 120-ml working volume. During fermentation, 100 ml/min of air and 10 ml/min of CO 2 ( 13 C isotopic abundance was 1.1%) were adopted. After the cultures were harvested, the pellets were subject to derivatization with N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (TBDMS; Fluka, Switzerland) and detected by gas chromatography-mass spectrometry (GC-MS) according to the method of Nanchen et al. (28) , while PHBV was derivatized by methanol (14) . GC-MS data were analyzed using the FiatFlux software (29) to obtain the preliminary mass isotopomer distribution of the analyte, which was further corrected for the natural isotope abundance using correction matrices (30) .
A mass isotopomer distribution vector (MDV ␣ ) for each fragment ␣ has been assigned (equation 1) by Nanchen et al. (28) . The corrected MDV of TBDMS-derivatized proteinogenic amino acids and methanolderivatized 3HB (3-hydroxybutyrate) and 3HV were used to calculate the summed fractional labeling (SFL) (31) of oxaloacetate, succinyl-CoA, acetyl-CoA, pyruvate, and 3HV according to equation 2. The parameter m i represents the abundance of the isotopomer with mass m ϩ i, m 0 is the abundance of the unlabeled fragment, and i and n represent the number of carbon atoms in the fragment. Based on these data, the flux ratios of the propionyl-CoA that was generated from the citramalate/2-oxobutyrate (f), aspartate/2-oxobutyrate (p), methylmalonyl-CoA (q), and 3-hydroxypropionate (1-f-p-q) pathways were calculated according to equation 3.
Extraction and detection of CoA thioesters. H. mediterranei cells cultured for 24 h with 2 g of NaHCO 3 and 10 g of glucose/liter at the second stage were used for high-performance liquid chromatography-electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS/MS) analysis. The samples were prepared, and CoA esters were separated at 35°C by HPLC as described by Peyraud et al. (32) . HPLC-ESI-MS/MS was performed to analyze CoA thioesters using the Agilent 1260 HPLC system coupled to a 6460 triple quadrupole mass spectrometer with an electrospray source in the negative ion mode. The ESI-MS interface was operated with a gas temperature of 350°C and a drying gas flow of 11 liters/min. The nebulizer nitrogen gas pressure was 45 lb/in 2 . The ion transitions at m/z 852.2 to 808.0 and 407.9 with a collision energy of 27 and 45 eV, 808.1 to 460.5 and 407.9 with collision energy of 40 eV, and 822.2 to 474.7 and 407.9 with collision energy of 40 eV, for malonyl-CoA, acetyl-CoA, and propionyl-CoA, respectively, were used in multiple reaction monitor mode. The standards of malonyl-CoA, acetyl-CoA, and propionyl-CoA (Sigma, USA) were used to calibrate the m/z. All performance was controlled by MassHunter Workstation (version B.04.00) software for data processing.
Microarray analysis. For microarray analysis, H. mediterranei strains were cultivated at 37°C to late-exponential growth phase in MG medium according to the description of Lu et al. (14) . Isolation of total RNA from H. mediterranei wild-type and the mutant strain of ⌬phaEC (14) was carried out as described previously (26), and oligonucleotide microarrays (8 ϫ 15k) of the H. mediterranei genome sequence were designed and manufactured by CapitalBio and Agilent Technologies, respectively. Six biological replicates were analyzed. The microarrays were performed as described by Cao et al. (33) and analyzed using SAM (significance analysis of microarrays; version 2.23b) software (34) . Genes exhibiting expression changes of Ͼ1.5-fold and a q-value that was Ͻ0.05 were considered to be significantly altered.
Biological pathway construction and protein sequence analysis. The biological pathways were constructed by referring to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and published references and, in some cases, verified by knockout of genes. Protein sequence homology was analyzed using the BLAST service (http://blast.ncbi.nlm.nih .gov/Blast.cgi).
Accession number. The microarray data are deposited in the NCBI GEO library under the accession number GSE37421.
RESULTS
Bioinformatic prediction of propionyl-CoA synthesis pathways. Bacteria usually require propionyl-CoA-related precursors (e.g., propionate) supplied in the media to synthesize PHBV, whereas H. mediterranei is capable of producing PHBV with significant 3HV incorporation directly from glucose or starch (14, 16) . With the availability of the whole genome sequence of H. mediterranei (24) , four pathways potentially involved in producing propionyl-CoA were predicted by referring to KEGG pathway database ( Fig. 1) : the citramalate/2-oxobutyrate pathway (path I), the aspartate/2-oxobutyrate pathway (path II), the methylmalonyl-CoA pathway (path III), and the 3-hydroxypropionate pathway (path IV). The putative genes encoding the enzymes involved in the proposed four pathways are summarized in Table S2 in the supplemental material.
The first two pathways proceed through 2-oxobutyrate, the citramalate/2-oxobutyrate pathway and the aspartate/2-oxobutyrate pathway (Fig. 1) . These pathways share the same reaction steps of transforming 2-oxobutyrate to propionyl-CoA, while differing from each other in how they produce 2-oxobutyrate. The citramalate/2-oxobutyrate pathway generates 2-oxobutyrate from pyruvate and acetyl-CoA, catalyzed by CimA-LeuBCD. This pathway has been reported to provide 44% isoleucine via 2-oxobutyrate in Haloarcula hispanica (35) , and thus it was assumed to contribute greatly to 2-oxobutyrate generation in H. mediterranei. Regarding the aspartate/2-oxobutyrate pathway, oxaloacetate-derived threonine and methionine can be directly converted into 2-oxobutyrate by threonine dehydratase or methionine ␥-lyase, respectively. The 2-oxobutyrate generated by these two pathways could be directly decarboxylated to propionyl-CoA by either pyruvate or ␣-ketoglutarate: ferredoxin oxidoreductase. As far as we know, in Halobacterium salinarum the pyruvate: ferredoxin oxidoreductase (PorAB) catalyzes the conversion of 2-oxobutyrate to propionyl-CoA (36). Concurrently, 2-oxobutyrate can be channeled into the biosynthesis of isoleucine, which could also be degraded to propionyl-CoA (but not via 2-oxobutyrate) (see Table  S2 in the supplemental material).
The third route from succinyl-CoA was named as the methylmalonyl-CoA pathway (Fig. 1) . Briefly, succinyl-CoA can be isomerized into (R)-methylmalonyl-CoA by methylmalonyl-CoA mutase. (R)-methylmalonyl-CoA is then converted to the (S) form via methylmalonyl-CoA epimerase, and the subsequent decarboxylation from (S)-methylmalonyl-CoA to propionyl-CoA is catalyzed by methylmalonyl-CoA decarboxylase (see Table S2 in the supplemental material).
Notably, the 3-hydroxypropionate pathway (path IV), which has never been proposed in haloarchaea or PHA-producing organisms before, is identical to the first part of the 3-hydroxypropionate/4-hydroxybutyrate cycle that was recently identified in an autotrophic member of the archaeal order Sulfolobales (37). However, the second part of the cycle was not found in H. mediterranei. For this 3-hydroxypropionate pathway, acetyl-CoA is first carboxylated by the biotin-dependent acetyl-CoA carboxylase to malonyl-CoA and then reduced via malonate semialdehyde to 3-hydroxypropionate that is usually catalyzed by two enzymes named malonyl-CoA reductase (NADPH) (MCR) and malonate semialdehyde reductase (NADPH) (MSR). As in Sulfolobales (37), the identification of the MSR encoding gene is still under way in H. mediterranei. 3-Hydroxypropionate is further reductively converted to propionyl-CoA in three steps by acyl-CoA synthetase, enoyl-CoA hydratase, and acryloyl-CoA reductase (NADPH) ( Fig. 1 and see Table S2 in the supplemental material). Notably, except for two species from Halorhabdus genus, all of the 17 completely sequenced haloarchaeal species harbor the encoding gene of the characteristic enzyme of acetyl-CoA carboxylase, which indicates that this pathway may be widespread in haloarchaea.
Effects of pathway intermediate cofeeding with glucose on 3HV supplying. To confirm the existence of the four predicted pathways, we investigated the effects of pathway intermediates as cofeeders of glucose on the 3HV molar fraction of PHBV produced by H. mediterranei. The 3HV molar fraction of the PHBV from H. mediterranei grown with glucose as the carbon source was approximately 10 mol%. The two 2-oxobutyrate-related pathways were verified by cofeeding threonine, methionine or isoleucine with glucose. GC analysis clearly indicated that addition of each of the three amino acids significantly increased the 3HV molar fraction (as much as 1.4-to 1.6-fold) ( Fig. 2A) . For the methylmalonyl-CoA pathway, the addition of succinate resulted in an increase of up to 1.4-fold in 3HV incorporation ( Fig. 2A) , and the putative succinate-CoA ligase (SucCD) may contribute to the conversion of succinate to succinyl-CoA (Fig. 1) in the methylmalonyl-CoA pathway. For the 3-hydroxypropionate pathway, the addition of 3-hydroxypropionate as cofeeder resulted in a dramatic increase (2.3-fold) in the 3HV molar fraction (Fig. 2A) . In all of these cofeeding experiments, the content of PHBV in the cell was similar or slightly enhanced compared to that using glucose as the sole carbon source, but the 3HV molar fraction increased sig- Table  S2 in the supplemental material. Dashed lines indicate more than one reaction, and the circle represents the TCA cycle. The pathway intermediates that are cofed in the media are boxed, and the disrupted pathway steps are marked with "/". Two precursors of PHBV, acetyl-CoA and propionyl-CoA, are converted to PHBV by ␤-ketothiolase, PhaB, and PhaEC. ␤-Ketothiolase has not been identified in haloarchaea. SucCD, succinate-CoA ligase (SucD, HFX_2471; SucC, HFX_2472). nificantly ( Fig. 2A) , indicating these cofeeders are effective precursors for propionyl-CoA, and the predicted pathways that direct these cofeeders to propionyl-CoA might be present in H. mediterranei.
Genetic evidence for propionyl-CoA synthetic pathways. To further verify propionyl-CoA production through the predicted pathways, we selectively knocked out or disrupted putative key genes in these pathways and then evaluated the effects of the mutations on the 3HV fraction of PHBV. H. mediterranei DF50 was chosen as a host strain for the construction of in-frame markerless deletions or disruptant mutant (23) . For the citramalate/2-oxobutyrate pathway, deletion of the cimA gene led to a dramatic decrease in 3HV content to 34.9% of that in DF50 (Fig. 2B) . The putative methylmalonyl-CoA mutase, which is composed of ␣ (McmA1 or McmA2) and ␤ (McmB) subunits, is involved in the methylmalonyl-CoA pathway. Knockout of mcmA2 and mcmB decreased the 3HV fraction to 52 and 71% of that in DF50, respectively; however, deletion of mcmA1 had no effect on the 3HV fraction (Fig. 2B ). These data indicated that McmA2 (but not McmA1) and McmB were required for an active methylmalonylCoA mutase. MCR (asd, HFX_2491) is the key enzyme of the 3-hydroxypropionate pathway, and our attempt to knock out this gene was unsuccessful. The only putative MCR might bear both functions of MCR and aspartate-semialdehyde dehydrogenase (ASD), which to some extent explained its indispensability for H. mediterranei due to its importance as ASD for the synthesis of aspartate-family amino acids (38) . Therefore, disruption of the asd gene was conducted. A heterozygous asd ϩ /⌬asd strain was obtained, which contained a wild-type and a disrupted asd gene (see Fig. S1A in the supplemental material). Semiquantitative RT-PCR revealed that the transcript abundance of the asd gene in the mutant strain was only 27% of that in DF50 (see Fig. S1B in the supplemental material). The phenomenon of heterozygosity is possibly due to the multiple copies of the chromosome, as observed in other haloarchaea (39) . The asd ϩ /⌬asd mutant also exhibited a 33.3% decrease in the 3HV content of PHBV (compared to DF50) (Fig. 2B) . In addition, all of the above-mentioned mutants did not differ in their growth from H. mediterranei DF50.
This genetic evidence strongly indicated that H. mediterranei contains at least four pathways for producing propionyl-CoA from unrelated carbon sources.
Investigation of the 3-hydroxypropionate pathway by 13 Clabeling experiments. 13 C-labeling experiments were conducted using NaH 13 CO 3 or NaH 12 CO 3 and glucose as the carbon sources in H. mediterranei to further investigate the newly identified 3-hydroxypropionate pathway. The carbon atom of HCO 3 Ϫ was predicted to incorporate into the C-1 atom of propionyl-CoA and then into the C-3 atom of the 3HV monomer through the 3-hydroxypropionate pathway (Fig. 3A and see Fig. 5 ). Thus, the 13 C values of 3HB and 3HV were both negative. For the PHBV sample that was extracted from H. mediterranei with H 13 CO 3 Ϫ , the ␦ 13 C value of 3HV (99.1‰) was much higher than that of 3HB (1.1‰) (Fig. 3B) . This result demonstrated that a significant amount of H 13 CO 3 Ϫ was incorporated into the 3HV monomer, whereas very little into the 3HB monomer, showing the assimilation of CO 2 into propionyl-CoA. The trace amount of H 13 CO 3 Ϫ incorporated into 3HB monomer could be due to other CO 2 fixation steps in the cell, but compared to the ␦ 13 C value of the 3HV monomer, the assimilation of CO 2 into 3HB monomer is negligible.
To elucidate the position of the 13 C from H 13 CO 3 Ϫ that was incorporated into propionyl-CoA/3HV, the PHBV samples were further quantitatively analyzed using 13 C NMR spectroscopy. The theoretical molar ratio (1:1:1:1) of the carbon atom set [3HV(2): 3HV(3):3HV(4):3HV (5)] corresponded to the ratio of the integrated peak areas in the NMR spectrum of PHBV extracted from H. mediterranei grown with H 12 CO 3 Ϫ (0.95:0.97:0.94:1) (Fig. 4A) . As for PHBV extracted from H. mediterranei grown with H 13 CO 3 Ϫ , the ratio of the integrated peak areas was determined to be 0.95:1.58:1:1 (Fig. 4B) , which indicated that the 13 C of H 13 CO 3 Ϫ was incorporated at C-3 of 3HV or C-1 of propionylCoA, consistent with the predicted labeling pattern by acetyl-CoA carboxylation via the 3-hydroxypropionate pathway. The asd ϩ / ⌬asd mutant that was cultivated with H 13 CO 3 Ϫ was also analyzed to further determine the contribution of this carboxylation pathway. In this experiment, the ratio returned to 0.96:0.93:0.93:1 (Fig. 4C) , which showed that the 3-hydroxypropionate pathway was indeed responsible for CO 2 incorporation into PHBV. In addition, the intermediate, malonyl-CoA, in the 3-hydroxypropionate pathway was monitored in cells that were grown with HCO 3 Ϫ and glucose by HPLC-ESI-MS/MS (Fig. S2 ). Taken together, these results further confirmed the utilization of the 3-hydroxypropionate pathway by H. mediterranei.
Metabolic flux analysis of propionyl-CoA generation. Based on the PHBV biosynthesis pathway that we identified in H. mediterranei, the metabolic flux of propionyl-CoA production from [U- 13 C]glucose and unlabeled CO 2 was determined, with labeling measurements by GC-MS (see Table S3 in the supplemental material). The total labeling of C-1 of propionyl-CoA was calculated from C-3 of 3HV information (see Table S4 in the supplemental material), and it was determined that the SFL value was 79.0%. The labeled information of C-1 of propionyl-CoA from the citramalate/2-oxobutyrate, the aspartate/2-oxobutyrate, and the methylmalonyl-CoA pathways was equal to that of pyruvate C-2 (SFL ϭ 92.0%), oxaloacetate C-2 (SFL ϭ 93.7%), and succinylCoA C-3 (SFL ϭ 91.8%), which could be calculated from the information derived from alanine, aspartate, and glutamate, respectively (see Table S4 in the supplemental material). The SFL of the total propionyl-CoA C-1 was lower than the SFL of propionylCoA C-1 from the citramalate/2-oxobutyrate, aspartate/2-oxobutyrate, or methylmalonyl-CoA pathways, which indicated that there must be a pathway incorporating unlabeled CO 2 into propionyl-CoA to cause a decrease in the SFL of C-1 of propionylCoA. As for the labeled information of C-2 and C-3 of propionylCoA, the total SFL value (182.1%) was higher than each SFL from the citramalate/2-oxobutyrate pathway (180.4%), the aspartate/2-oxobutyrate pathway (128.4%), and the methylmalonyl-CoA pathway (168.2%) (Table S4) . Thus, the 3-hydroxypropionate pathway with the SFL value of 187.2% could increase the SFL of C-2 and C-3 of propionyl-CoA. These two analyses further confirmed the presence of the 3-hydroxypropionate pathway in H. mediterranei.
Notably, under the provided culture conditions, the fluxes for propionyl-CoA generation via the 3-hydroxypropionate pathway and the citramalate/2-oxobutyrate pathway were 30.6% Ϯ 1.4% and 53.0% Ϯ 2.1%, respectively. The fluxes of the methylmalonylCoA and aspartate/2-oxobutyrate pathways were 9.8% Ϯ 0.9% and 6.6% Ϯ 1.1%, respectively (Fig. 5 and see Table S4 in the supplemental material). These results demonstrated that the citramalate/2-oxobutyrate and 3-hydroxypropionate pathways are the main suppliers of propionyl-CoA during PHBV biosynthesis from unrelated carbon sources (e.g., glucose and CO 2 in the present study).
Microarray analysis of the global impact of PHA biosynthesis. PHAs are deposited as cytoplasmic inclusions for carbon, energy, and reducing power storage. Their accumulation has been ϩ /⌬asd strain with glucose and NaH 13 CO 3 . The 13 C-enriched carbon atom that was experimentally determined is marked with an asterisk in panel B. A portion of the same spectrum is amplified to make it easier to visualize, and the relative areas of the different peaks are presented. The peak area of 3HV (5) is set as the standard of 1.0, and other peaks are compared to it.
reported to be closely linked to central carbon and nitrogen metabolism (40, 41) . Because knockout of the phaEC genes leads to a complete loss of PHBV synthesis (14), we used this mutant for microarray analysis to further determine the PHBV biosynthetic pathway and explore the impact of PHA accumulation on the primary metabolism in haloarchaea.
To summarize, knockout of the phaEC genes led to a significant (Ͼ2-fold) upregulation of 166 genes and downregulation of 192 genes, as well as a slight (1.5-to 2-fold) upregulation of 95 genes and downregulation of 178 genes (microarray data accession number GSE37421). A considerable number of encoding genes in the four propionyl-CoA synthetic pathways were significantly inhibited in the ⌬phaEC mutant (Table 2 ). For instance, many genes (HFX_0617, HFX_1567, HFX_1568, HFX_1566; HFX_1643, HFX_5131, HFX_6354, HFX_2665, and HFX_4022) encoding the citramalate/2-oxobutyrate and 3-hydroxypropionate pathways were significantly downregulated. The enzymes (HFX_0862, HFX_1490, HFX_2726, and HFX_2830) that catalyze the conversion of 2-oxobutyrate to propionyl-CoA in the citramalate/2-oxobutyrate and aspartate/2-oxobutyrate pathways were largely downregulated as well. Likewise, several genes encoding the methylmalony-CoA pathway were also downregulated, such as the gene (HFX_0800) encoding the methylmalonyl-CoA mutase that catalyzed the first step from succinyl-CoA to (R)- The data represent the means of six independent biological replicates. For more details of candidate genes and enzymes involved in these pathway steps, see Fig. 1 and Table S2 in the supplemental material.
methylmalonyl-CoA. These results provided additional support for these four propionyl-CoA synthetic pathways.
As expected, the phasin-encoding phaP gene (22) and its adjacent putative regulatory protein encoding gap12 gene were both dramatically inhibited (Ͼ20-fold) possibly due to the absence of PHA granules in the mutant. Moreover, the genes for gas vesicle formation were also strongly inhibited, which indicated that generation of PHA granules may change the gravity of the cell and hence affect gas vesicle formation (see Table S5 in the supplemental material). In contrast to the inhibition of PHBV biosynthesis and precursor supply, many genes involved in the respiratory chain, purine/pyrimidine metabolism, transcription, and translation were generally upregulated (Table S5) . Moreover, the majority of genes in the tricarboxylic acid (TCA) cycle and many important genes involved in amino acid, fatty acid, peptide, and sugar transportation and metabolism were affected (Table S5) . Thus, it is clear that PHA metabolism is closely linked to the central metabolism of H. mediterranei.
DISCUSSION
Although haloarchaeal PHBV production is lower than bacterial and its production process faces problems caused by high salt concentration, haloarchaea still attracts special interest in PHBV production due to its advantages such as lower sterility demands, accumulation of PHBV without addition of 3HV-related carbon sources (e.g., propionate), and a simpler extraction process compared to that of bacteria (1, 13, 14, 16, 22, 26) . It is noteworthy that the propionate-independent pathways for propionyl-CoA generation during PHBV biosynthesis in H. mediterranei have long been one of the most attractive questions in this field. In this multifaceted study, we demonstrated that propionyl-CoA is generated through at least four pathways during PHBV production, when glucose is supplied as the main carbon source in H. mediterranei. These four pathways are designated as the citramalate/2-oxobutyrate pathway, the aspartate/2-oxobutyrate pathway, the methylmalonyl-CoA pathway, and the 3-hydroxypropionate pathway, respectively. The conclusion was drawn from bioinformatic prediction according to the sequenced genome and confirmed by the increases of the 3HV fraction in PHBV when cofeeding pathway intermediates with glucose, as well as the decreases in the 3HV fraction upon knockout/disruption of the pathway genes. The novel 3-hydroxypropionate pathway was further confirmed by 13 C positional enrichment in 3HV. Metabolic flux analysis quantified the contributions of the four pathways to propionyl-CoA generation. Furthermore, DNA microarray analysis provided a global view of the relationship of PHBV biosynthesis with the central metabolism.
In some bacteria and plants, the methylmalonyl-CoA pathway and the aspartate/2-oxobutyrate pathway (threonine biosynthesis pathway) have been revealed or engineered to produce propionylCoA for PHBV synthesis (6, 42, 43) . Besides the two routes, two other novel pathways, i.e., the citramalate/2-oxobutyrate and the 3-hydroxypropionate pathways, are revealed in H. mediterranei. The latter two pathways were determined experimentally, for the first time, to be involved in PHBV synthesis, although the involvement of the 3-hydroxypropionate pathway has been predicted recently in the symbiont from marine oligochaete Olavius algarvensis (44) . These two pathways provided the majority of 3HV monomer production (83.6%) in H. mediterranei and directly store excess carbon of pyruvate and acetyl-CoA in PHA granules in contrast to the TCA cycle intermediates used by the aspartate/ 2-oxobutyrate and methylmalonyl-CoA pathways. The absence of these two pathways, which begin with pyruvate and acetyl-CoA, in short-chain-length-PHA-producing bacteria may be the reason why we need to add a 3HV-related carbon source into the fermentation medium for PHBV production with bacteria. To date, H. mediterranei has been the only species shown to simultaneously utilize four pathways for propionyl-CoA generation. Thus, it could produce PHBV with a high 3HV molar fraction from glucose or starch. The discovery of these novel propionyl-CoA generation pathways might provide a novel strategy for engineering PHBV producers and would help to lower the high cost of PHBV production.
At first glance, the existence of four different pathways leading to propionyl-CoA appears to be a wasteful use of the organism's resources due to the ATP input and/or reductants consumption (Table 3) . However, under the conditions of PHBV synthesis, the cellular carbon is not urgently required for maintenance; thus, it could flow into this polymer. This might be the reason why the amino acids threonine, methionine, and isoleucine could be converted to propionyl-CoA, and the reversible methylmalonyl-CoA 
